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SUMMARY 


THe technology of shelter calculation from fallout radiation has odvonced in recent 
years, justifying confide’’'"* protection factors rowivned for above-ground locations 
in simple, "box-type" structures exposed to on infinite field of ground contamination. 
For other situations, such as the basement of a structure or when a field of contamino- 
iion is not infinite, either experimental data did not ognse well with computed values 
or the ei^perimental data, usually obtained from complex structures, failed to indicote 
clearly which parameters of the theory required modification. In porticulai, discrep¬ 
ancies have been noted between theory and experiment by as much as o factor of five 
for structures with thick, horizontal barrier^ such as floors. 

This discrepancy has been attributed by some investigators to the inadequacy of theory 
to account for radiotion that is scottered in the vertical woll of a structure nnd atten- 
uoted by a horizontal barrier before reaching o detector location. This comporsent of 
radiotion, *n the downword direction, such os in basement areas, is called "in-ond- 
down" scattering and in the upward direction, through ceilings, is colled "in-ond-up" 
scattering. 

An experimental evaluation of the attenuoHon afforded by horizontal barriers from 
both limited and infinite fields of contamination has been mode. The experiment con¬ 
sisted of measuring the gommo-ray dose rotes both below and above concrete fioorsin 
the three-story test structure located at the Protective Structures Development Center. 
The measute of attenuation in the downward diiecticn was accomplished by collimat¬ 
ing the detector below the floor barrier so that only radiation arriving from above wos 
recorded. At^)nuation in the upward direction wos measured by reversing the collimo- 

The primory purpose of the experiment wos to obtain numerical values for horizontol 
barrier-reduction factors that could be compared with calculated values. Alsc^ 
horizontal borrier attenuotion due to radiation originotirsg from finite fields ofgrowrtd 
contominotion was investigoSed. Presently, there is no theory to occount for this 
parameter. 

The experiment was desigrsed to measure the attenuation afforded by horizontal bar¬ 
riers both above arsd below ground to radiation that originated from sources lying on 
The ground surrounding o structure. Meosured attenuation factors in the downward 
direction (in-or>d-down) ogreed fai^iy well with calculated factors for the two-bor- 
rier moss thicknesses (48.6 ond 97,2 psf) investigated. 
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Tha ob<«rv«d dos* rotvs in lh« ba$<Hn«nt of ih i cailingloss structure agreed foiiiy welt 
v/lfti dre existing wfillo large discrar*MKies between theory gnd experiment 

were found in the experiment deoilrvg with the structure bosement which hod o ceilirrg. 
This discrepcmcy increased wflh decreosirrg solid*'angie froction with the theory under- 
estuncding the dose rote In the bosement by os much as a foctor of three. The oxperi- 
mentof results were consistent with post experiments corsducted in basement structures 
tn dwir comparisrm with theory. A rrKxlificoHon to the theory In whids a rsew barrier 
foctor was colculoted os o fursction of the barrier thickrsess otmI overage solid-ongle 
froction subtended ot d>e detector by the flrsMIoor extensol wail cj^ees quite .rell 
with this experiment otkI post experlmenlol resuth. 

The colculoled oHwnuotlon focton in the upwoid dlrecHon (In^ondHip rodioHon corr«- 
ponenf) ur^MsHmoted the experimental results for lorge or Infinite fields of contomi- 
noHon orsd oveiestiinated the attenuation afforded by the floor from contomirtotion 
within 50 feet of the structure wdls. 
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SUMMARY 


The technology of slielter colculation from fallout radiation has odvar'ced in recent 
years, justifying confidence in protection factors computed for above-ground location; 
in simple, "box-type" structures exposed to on infinite field of ground contamination. 
Fur other situations, such us the basement of o structure or when a field of contamina¬ 
tion is not infinite, either experimental data did not agree well witfi computed values 
or the experimental data, usually obtained from complex structures, failed to indicate 
clearly which parameters of the theory required modification. In porticular, discrep¬ 
ancies have been noted between theory and experiment by os much as a facroi ^yfflve 
for structures with thick, horizontal borriers, such os floors. 

This discrepancy hos been attributed by some investigators to tfie inadequacy of theory 
to account for radiation that is scattered in the vertical wall of a structure and atten¬ 
uated by a horizontal barrier before reaching a detectoi location. This component of 
radiation, in the downward direction, such as in basement areos, is called "in-ond- 
down" scattering and in the upward direction, through ceilings, is called "in-and-up" 
scotterl ng. 

An experimental evaluation of the attenuation afforded by horizontal barriers from 
both limited and infinite fields of contamination has been made. The experiment con¬ 
sisted of measuring the gommo-rny dose rotes both below and obove concrete floors in 
the three-story test structure located at the Protective Structures Development Center. 
The measure of atteni.iatIon in the downward direction was accomplished by collimat¬ 
ing the detector below the floor barrier so thot only rodiotion arriving from above was 
recorded. Attenuation in tfie upward direction was measured by reversing the collimo- 
tion. 

The primary purpose of the experiment wos to obtoln numerical values for horizontal 
barrier-reduction factors that could be compxjred with calculated values. Also, the 
horizontal barrier attenuation due to rodiotion origlnotlng from finite fields of ground 
contamination was Ir . ..tigated. Presently, there is no theory to account for this 
parometer. 

The experiment was designed to measure the attenuotion afforded by horizontal bar¬ 
riers both abnve and below ground to radiation thot originated from sources lying on 
the ground surrounding o structure. Measured attenuation factors in the downword 
direction (in-and-down) agreed fairly well w'th calculated foctors for the two-bar¬ 
rier mass thicknesses (48.6 and T7.2 psf) investigated. 










The observed dose rotes in H-,e Lasernent of tire ceilingless structure agreed fairly well 
witfi tfie existing theory, while lorge discrepancies between theory and experiment 
were found In tfie experimen. Jeoiing witfi tfie structure basement whicfi had a ceiling 
This discrepancy increased witfi deceasing solid-angle fraction witfi the tfieory under 
estimating the dose rate in the basement by as much as a factor of three. The experi 
mental results were consistent witfi past experiments conducted in basement stmctures 
in their compiarison with theory. A modification to the theory in wfilch a new barrier 
factor was calculated os o function of tfie barrier thickness and overoge solid-angle 
fraction subtended at tfie detector by tbe first-floor external wall agrees quite well 
with this experiment and past experimental results. 

The calculated attenuation factors in the upward direction (in-and-up radiation com¬ 
ponent) underestimated the experimental results for lorge or infinite fields of contami¬ 
nation and overestimated the attenuation afforded by the floor from contamination 
within 50 feet of the structure walls. 
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1. BACKGROUND 


Several methods for calculating the protection afforded by a structure against 
fallout radiation have been developed during the post few years. These methods 
were derived from basic data on radiation penetration developed by Dr. L. V. 
Spencer^ in which the method of moments wos used to determine solutions to 
certain idealized shielding configurations. Detailed procedures^'^ were de¬ 
veloped by the Office of Civil Defense to calculate the protection afforded by 
existing buildings throughout the United States. The assumptions and the rea¬ 
soning by which the calculations described in References 2 and 3 were derived 
from the bosic data are discussed in detail in Reference 4. 

Several experimental programs to evaluate these analytical procedures have 
been performed. In general, the calculations of reduction factors caused by 
ground sources of infinite extent are in good agreement with experimental re¬ 
sults for "above-ground" single-story structures, the calculations being on 
the conservative side. This has not been the case for "below-ground" areas 
which receive a majority of their dose from radiation scattered from the at¬ 
mosphere or structure above. Both full-scale^'^ and model^ experiments 
hove shown that the dose rate measured in basement areas was higher than 
that predicted, and its variation with depth was not expected from existing 
theory. 

The problem of non-conservative dose-rate colculatioru for basement areas is 
of vital Importance to the sheltei uiiolyst because of the lorge number of desig¬ 
nated bosement shelter areas. Recent investigations^ modifying the present 
analytical methods of calculating dose rates in bosement shelters have pro¬ 
duced good relative agreement with experimental curves. Experiments con¬ 
ducted on multistory structures surrounded by ground sources of Infinite extent 
have produced results that are in fairly good agreement with the calculated 
values (within about 20 percent) in obove-ground areas, except for locations 
near the ceilings where the calculated values represent an underestimation of 
the dose. 

Theoretical and experiments data on the dose contribution in belo^ ,.'ound 
areos from limited strips of contamination are meager. The only expvr’'. nroi 
evaluation that has been undertaken in this area wos conducted on steei it od- 
els. While the results of these experiments agreed fairly well with theory, the 
associated scaling problems in modeling prevented adequate validation of the 
theory. Recent experiments conducted at PSDC using circular limited strips 
of contamination have yielded results (reported here) as to the iffects of the 
limited fiel(b on the attenuation offorded by horizontal barriers to ground- 
based sources. 









2. INTRODUCTION 


The technology of shelter calculation from fallout rodiation has advanced in 
recent years, justifying confidence in protection factors computed for above¬ 
ground locotions in simple "box-type" structures exposed to an infinite field 
of ground contamination. For other situations, such as the basement of a struc¬ 
ture or when a field of contamination is not infinite, either experimental data 
did not agree well with computed values or the experimental dota, usually ob- 
tairsed from complex structures, failed to indicate clearly which parameters of 
the theory required modification. In particular, discrepancies have been noted 
between theory and experiment by os much as a factor of five for structures 
with thick horizontal barriers, such as floors. 

This discrepancy has been attributed by Batter® to the inadequacy of theory 
to account for radiation that is scattered in the vertical wall of a structure 
and attenuated by a horizontal barrier before reaching c detector locailon. 

This component of radiation in the downward directiorv such as in basement 
areas; is called "In-and-down" scattering and in the upward direction, through 
ceilings, is called "In-and-up" scattering. These components are described in 
detail in this report. 

An experimental evaluation of the attenuation afforded by horizontal barriers 
from both limited and infinite fields of contamination has been made. The ex¬ 
periment consisted of measuring the gamma-ray dose rates both below and above 
concrete floors in the three-story test structure located at the Protective Struc¬ 
tures Development Center. The measure of attenuation in the downward direc¬ 
tion was accomplished by collimating the detector below the floor barrier so 
that only radiation arriving from above wos recorded. Attenuation in the up¬ 
ward direction was measured by reversing the collimation. 

The primary purpose of the experiment was to obtain numerical values for hori¬ 
zontal barrier-reduction factors that could be compared with calculated values. 
Also, the horizontal barrier attenuation duo to rodiation originating from finite 
fields of ground contamination was investigated. Presently, there is no theory 
to account for this parameter. 


3. THEORY 


3.1 GENERAL 

In the analysis of structures with respect to shielding afforded from radioactive 
fallout, the level of radiotion D ot any point within structure is compared to 


2. 


















that of a stondord position. The ratio D/Dq, called tlie reduction factor, is o 
measure of the effectiveness of that part of the structure ogoinst fallout radia¬ 
tion. Do is taken as the specific dose rate three feet above on infinite smooth 
plane of contamination, This ratio, in general terms, is; 


D/Do 


Xe) 


B(Xe,h) 


(3.1) 


where the left-bracketed term represents the attenuation coused by geometric 
effects and the right-bracketed term represents the attenuation caused by scat¬ 
tering and absorption in the barrier mass. The first term, that representing at¬ 
tenuation caused by geometry effects, is a function of the solid-angle fraction 
w, subtended at the detector by the source, whether of primary or secondary 
nature, as well as the mass thickness Xg, interposed between source and de¬ 
tector. The barrier attenuation is a function of the mass thickness Xe of the 
barrier material, end the height, h, obove the ground. 

These concepts were extended into an engineering method^ of shelter calcula¬ 
tion. In this engineering method terminology, the reduction factor for ground- 
based sources of infinite extent becomes (Fig. 3.1 for schematic); 


D/Do 

II 

1 

O 

a. 

c 

,i,h) + 

Ga('^u) [1-SwJ +(Gs(u(j)+Gs(u|)JS^E Be(Xe,h) 

’ (3.2) 

where 

Gd(c) 


"cumulative angular distribution" of direct 
radiation 


Ga(<-) 


"cumulative angular distribution" of atmos¬ 
pheric-scattered radiation 


Gs(u) 


"cumulative angular distribution" of wall- 
scottered radiation 


U 

= 

solid-angle fraction (solid angle/2Tr) 


Sw 

" 

fraction of emergent radiation scattered in 
woll barrier 
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eccentricity facior 


h 


detector height 


Be(X«,h) 

= 

barrier shielding introduced by a verticol 


wall of thickness Xg at height h above 
ground 
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Altfiough Equotion (3.2) is basic to tfie engineering metbod^ of calculating 
reduction factors in structures from o ground-based source of cc'r tamination, 
further refinements are required for structure variation from the simple box 
model. Common variations ore basements, multistory structures, apertures, 
and interior partitions. Apertures and interior partitions were not involved 
in this experiment and tfius are not discussed h re in detail. 

Radiation scottered to a basement area must undergo direct attenuation in the 
structure wall, be scattered in the direction of the basement, and then be at¬ 
tenuated by the basement ceiling. This mode of rodiotion penetration iscalled 
"in-ond-down", and is expressed in terms of the presently-existing computa¬ 
tional procedure as (Fig. 3.1); 

D/Do =j [^Ga(^')-Ga(uo)j -S^j-|^Gs(u^) - G/ujls^E jBe(Xe,3')B;,-X') 

where all terms are as previously defined and B^^.X^) is the attenuation pro¬ 
vided by the floor of the structure. 

In computing tfie dose rate from ground-based sources of contomination in up¬ 
per stories of o multistory structure, the contributions from the floor below and 
floor obove the detector story are included in the total response of the detector. 
The general equation for computing ihie dose received by o detector locotedon 
the second floor of a three-story building (os shown in Fig. 3.1) is; 

a. Second Story (detector floor ) 

Cgi = j Cd(‘^^,h)+Ga(uu)] [>-Sw]^[Gs(%)+G5(u^)j5^EjBe(Xe,h) 


b. First Story (floor below detector) 


Cg2 = 


Gd(u-,h)-Gd(«.,h)] [l-Swj^ G3(uj).G,(u^)j 


S^E Be(Xe,h)Bf(Xf) 

’ , (3.5) 


c. Third Story (floor obove detector) 


Cg3 = Ga(«:,)-Ga(‘*'u) 5-Swl+[ gs(<Ju)-^ sK) S^E Be(Xe,h) B;,(Xi,) 

I ^ L J L J /o /\ 
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d. Total Dose (reduction factor) 


D/Do - Cg, 4 Cg2 4 Cg3 (3.7) 

The terms not previously defined are as follows: 

Cg = ground contribution through a story of multistory 
structure 

Bf(Xf) = barrier factor for fl jor below detector 


The obove-ground shelter problem illustrated in Fig. 3.1 for the single-story 
structure is the most general case of the simple shelter situations. The overall 
approach to the multistory structure has been to break the ground contribution 
into three seporate calculations. First, to consider the radiation penetroting 
the walls odjacent to the detector; thot is, on tf>e same floor; second, to con¬ 
sider file radiation which passes through the wall of tne story above the de¬ 
tector; and third, to consider the ra^iaHon which penetrates the wall of the 
story below the detector. These some calculations could be continued for 
more stories above or below the detector, as required. Usually, however, it 
is only necessary to consider the stories immediotely obove and below the 
detector. 

3.2 accuracy of CALCULATED FUNCTIONS 

Although estimates can be made of the accuracy of the functions used in the 
engineering method^ of calculation in occordonce with the precise situations 
upon which they on bosed, it is difficult to assess their accuracy in regard to 
the way in which they ore commonly used to describe o real structure. In gen¬ 
eral, the barrier-r '"ction factors were calculated directly by Spencer^, while 
in most cases, .. netry factors are estimates based upon the summation of 

angular distrib.M .is it, various forms'. Table 3,1 lists the function used in the 
engirseering metnod; the basic function^ and the estimated occurocy of this 
function in regord to the specific situation It is sold to represent. 

Ideally, a true evaluation of the parameters used in the functional equations 
for calculating shelter factors would result from measuring each of the param¬ 
eters (especially the geometry terms) such that they may be evaluated discrete¬ 
ly. Therefore, a combined approach of experimental and calculational evalu¬ 
ation has been undertaken. 
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TABLE 3.1 


ACCURACY OF CALCULATED FUNCTIONS 


OCD-PM-100-1 

Function 

NBS 

Function 

Estimated^ Accjrocy 
(Percent) 


Sa(d/'^) 

0 to 25 

1 

Gj(u) 

Sa(d,0 

0 tc 25 


(d,cos o) 

C to 25 

Be(Xe,h) 

W(X',d> 

10 to 25 

b;(Xo) 

S'{X) 

0 to 100 

Bf(Xf) 

L(X) 

5 


An experimental evaluation^ of the vertical borrier foctor Be{Xg,h) was re¬ 
cently conducted at the Protective Structures Development Center. The vari¬ 
ation of the resultant ottenuation up to a height of 33 feet above the contomi- 
nated plane was found to agree well with theory. Actual measured reduction 
foctors were lower than those theoretically predicted by an omount equivalent 
to approximately 8 percent of the woll thickness, The calculoted volues of 
Be(X,h) presently used in shelter colculatbns ore conservative by varying 
amounts ranging from 0 to 30 percent for wall thicknesses between 0 ond 200 
psf, respectively. 

The horizontal borrier foctors Bq(Xo) and Bf(Xf) or floor-shielding factors, os 
♦hey ore sometimes coHed, have little or no experimental verification. Dis¬ 
crepancies between theoretical ond measured dose rates in bosement areas 
have been attributed by some investigators® to the floor-attenuation function, 
Bi)(Xo). This function stems from a basic calculation in which Spencer com¬ 
puted the detector response caused by radiation Dock-scattered (skyshinc)to 
the detector from a plane source emitting gammo rays Isotropically in an up¬ 
ward direction into an infinite homogeneous medium when the detector is be¬ 
low the source plane and separated by a mass thickness X (Fig. 3.2, o and b). 
He calls this function 3'(X), and estimates the error to increase roughly lin¬ 
early with X from 0 percent at S' = 1 to os much as 100 percent at S' = lO"*^, 
The engineering method^ of computations ossumes that the anguior distribution 
of radiation impinging on the basement ceiling from wall scatter resembles the 
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skyshine both in int^ensity and directional distribution and, therefore, the at¬ 
tenuation of the floor slab is taken os S'(X), The experiments de'^cribed in 
this report were designed to measure tfds parameter. 

The other aspect of the floor shielding considers the attenuation of radiation 
originating from below the detector. This radiation is composed of uncollided 
radiation from ground sources of contamination and radiation that is scattered 
by tfie wall of the story below the detector. The floor is assumed to attenuate 
these sources of radiation by a factor Bf(Xf). This form of radiation attenuation 
is assumed to be similar to the total detector response from on infinite plane 
isotropic source separated by a mass thickness, X, in an infinite homogeneous 
medium. The estimated error in the basic function designated as L(X), as com¬ 
puted by Snencer, is five percent. The error introduced by how vrtll the math¬ 
ematical situation truly represents the physical situation may, of course, be 
much greater. This form of attenuation is illustrated in Fig. 3.^ c and d, as 
to the calculation model and physical representation os applied to engineer¬ 
ing method^ calculations. 

4. EXPERIMENTAL ARRANGEMENT AND TECHNIQUE 

4.1 GENERAL 

The experiments described in this section were designed to meosure the otten- 
uotion oiforded ground contaminotion by horizontal barriers. The experiments 
attempted to duplicate physically the model of analysis used in the engineer¬ 
ing method^ and not the basic model from which the colculoh'ons were mode 
by Spencer. The experimental technique consisted of constructing a collimator 
in a three-story concrete structure that would permit dose meosurements from 
radiation sources above the detector plane (in-ond-down), and of measurements 
from radiotion below the detector plane (in-ond-up). 

Basic to the experiments were the tube-source tcchnlq’je and the radiation test 
structure, both of which have been discussed elsewhere However, since the 
test structure played such on important role in the expt^riment, its construction 
features will be considered in detail. 

4.2 TEST STRUCTURE 

The radiation test structure consists of a steel skeleton (Fig. 4.1) of internal 
dimensions 24 by 36 feet at the base, and 36 feet high, with provisions for 
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floot»(or ceilings) af ttie 11-, 23-, ond 35-fnot elevations, and witfi a base¬ 
ment 6 feet in deptfi. The exteri'^r building columns are 14B26 wide-flange 
beams which extend to the height of the building. A grid of 8-inch wide- 
flange beams spaced 4 feet on center and 12 feet on length stood at eleva¬ 
tions of 11, 23, and 35 feet from the ground level (Fig. 4.1). 

The structure can be made up ta represent a variety of building configurations 
by assembling concrete partels (each 4 feet by 4 feet by 4 inches thick) into 
the desired modular design. The design allows floors and walls to be varied 
conveniently in thickness from 0 to 12 inches in 4-inch increments. Three 
combinations of wall and floor thicknesses were investigated in this experi¬ 
ment. The first was a 4-inch wall with 4-inch floors and roof; th'e second 
hod 4-inch walls with 8-inch floors ond roof, ond the third hod 8-inch walls 
and 8-inch floors and roof. The structure with 0 psf floors and 4-, 8-, and 
12-inch walls was also investigated. 

4.3 SIMULATED FALLOUT FIELD 

The simulated field of contamination (the design of which is described in de¬ 
tail in Reference 10) consisted of a quadrant of a circle of 452-foct radius, 
concentric with the test structure, which was divided into four annular test 
oreas (Fig. 4.2). Only one quodrant of the entire field hod to be simulated, 
as the structure exhibited quarter symmetry; hence, the summotion of dose 
rates of symmetrically-located detectors provided results equivalent to that 
which would have occurred if the full field hod been simuloted. The contam¬ 
inated field was simulated by pumping sealed Cobclt-60 sources at constant 
velocity through a network of tubing thot occupied each of four annulororeos 
of the quadrant. The infinite field dose is the sum of the dosage received by 
the detector from each of the four areas, plus an estimated contribution based 
on the outermost simulated area to represent for-field sources of contamination. 
This estimate was based on the assumption thot the attenuotion of rodiation 
caused by the structure arising from the farthest-out annulus was considered 
the same as that which would have occurred from contaminotion existing be¬ 
yond the simulated areas. Since this generolly represents less than approxi¬ 
mately ten percent of the total dosage, the minor inaccurocy introduced by 
this assumption Is usually negligible. This method of estimate is described 
in detail in Reference 10. 

4.4 EXPERIMENTAL TECHNIQUE 

The experimental technique consisted in meosuring the radiation dose at 
points within the building from a simulated orea of contamination of known 
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stmngHi outside tfie building. Data were obtained using air-core-capacitor 
ionization cbombers of 200-, 10-, or 1-mr capacity (dosimeters), together 
with a "charger reader" that functioned by measuring the total integrated 
current required to return a capacitor to its original voltage after exposure 
in the radiation field. Dosimeter (capacity) selection was based upon the 
exposure time, the section of the field being simulated, the thickness of the 
wall and floors, and the location of the test positions with respect to the 
contaminated area. 

Prior to conductltsg this experiment, all dosimeters and the charger-reader 
were colibrated against a gamma source of known strength and National 
Bureau of Standards calibrated Victoreen R meters. All of the dosimeters 
selected for use in the experiment responded to within +2 percent of the 
known dose. Ihe chambers were also checked at intervals during the ex¬ 
periment using a secondary calibration procedure. 

During this experiment, dosimeters were positioned in the basement at the 
center, at depths of 2 , 3, 4, and 5 feet below ground level. Dose measure¬ 
ments were recorded ot these positions for the four areas of contamination. 
The combination of wall and floor thicknesses investigated is presented in 
Table 4.1. 


TABLE 4.1 

EXPERIMENTAL WALL AND FLOOR COMBINATIONS INVESTIGATED 


WALLS 

FLOORS 

psf 

Inches 

psf 


49 

4 

0 

0 

98 

8 

0 

0 

147 

12 

0 

0 

49 

4 

48.6 

4 

49 

4 

97.2 

8 

98 

8 

97.2 

8 


The moss thicknesses listed in Table 4.1 are far the concrete slabs only, in 
the experiments designated as 0 psf floors, a grid of 8-inch wlde-flange beams 
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Figure 4.2 










spoced 4 feet on center and 12 feet on length that support the concrete slobs 
existed. The dosimeter positions relative to the I-beams in the basement ore 
illustrated in Fig. 4.3. 

The attenuation afforded by the basement ceiling was measured by placing 
dosimeters directly above and below the concrete slabs that make up the ceil¬ 
ing. The dosimeter below wos toped directly to the ceiling slab, and was 
shielded on all remaining sides with concrete block. This shielding configur- 
otion was designed to collimate the radiation, thus recording only that radia¬ 
tion penetrating the slab from above the detector plane. The dosimeter lo¬ 
cated obove the ceiling at ground level recorded radiation that was deflected 
to the dosimeter after first scattering in the external vertical wall or oifabove 
the ceiling slobs. The ratio of the specific dose rates recorded in the shielded 
(below-slab) and unshielded (above-slab) positions is the attenuation afforded 
by the basement ceiling. Dose measurements were made in this manner for 4- 
inch (48.6 psf) and 8-inch (97.2 psf) ceiling slobs. 

The technique used to measure the reduction in dose caused by floors above 
ground was essentially the same as that used in the below-ground experiment. 
Unlike the basement experiments in which only scottered rodiotion existed, 
the detectors above ground had to be shielded against both scottered ond un¬ 
scattered radiation. Preliminary investigation showed that the concrete blocks 
used in the basement ceiling experiment were not sufficient to collimate the 
lower dosimeter. Therefore, it wcs necessary to construct a lead-filled colli¬ 
mator for the "in-and-down" experiment obove ground. 

The collimator, os illustrated in Fig. 4.4, consisted of three main parts: wooden 
platform, core, and concrete blocks which surrounded the core. The core was 
made from o 30-inch-diameter, corrugated-metal pipe (14-gage steel) by fill¬ 
ing the bottom three inches of its 20-inch height with concrete. The pipe was 
lined with concrete bricks and filled with lead shot. A concrete brick box was 
built on top of the lead and offset from the center and away from the rodiotion 
field (quarter symmetry used in the experiment). Access to the box was through 
a tunnel in the side of the pipe. This entrance, with the detector in place, was 
completely blocked with concrete bricks and bogs of leod shot, as shown inFig. 
4.4. Concrete blocks in o double row completely surrounded the pipe so thot 
a minimum of eight additional Inches of concrete surrounded the outside of the 
core. This design, though cumbersome, wos found necessary to reduce the "back¬ 
ground" radiation to a point that meaningful measurements could be made. The 
reduction in dose rate afforded by this combination of concrete and lead was 
calculated to be obout 1.63 x 10“^. Because of the weight and size of the col¬ 
limator, only one above-ground floor was investigo^d. 

















Figure 4.3 













































The "in-and-up" measurement were mode with the collimation reversed. The 
detector attached to the ceiling wos unshielded, while the detector directly 
above the floor was shielded. Concrete blocks were used to shield the detec¬ 
tor above the floor. The amount of shielding required for this experiment was 
considerably less than that used in the "in-and-down" experiment, because 
only scattered radiation was involved. 

4.5 normalization AND ACCURACY OF EXPERIMENTAL DATA 

All dosimeter readings were normalized to a specific dose rate; that is, to o 
per-hour basis for an equivalent contamination density of 1 curie of Co-60 
per square foot (1 curie Co-60 - 14r/hr at 1 foot at STP). This is the source 
density that produced a radiation field of 464r/hr three feet above an infinite, 
smooth, uniformly-contaminated plane in an earlier experimentlO conductedat 
this facility. Dosimeter readings were converted to on r/hr basis, using dosim¬ 
eter-calibration constants, exposure time, source strength, and temperature- 
pressure corrections for the effect of atmospheric conditions. The normolizo- 
tion is described in detail in Reference 10. Data tables for this experiment 
are presented in Appendix A. 

To determine the accuracy of the d'lta obtained from these experiments, the 
errors or uncertainties of many porameters must be considered. Since it wos 
impractical to determine experimentally, in a completely vigorous woy, all of 
the uncertainties associated with weather, exposure time, source strength, and 
so forth, it was necessary to estimate some of the errors and uncertainties from 
practical experience. A detailed analysis of those errors is presented in Appen¬ 
dix B. By compounding these values according to occepted principles, the esti¬ 
mated percentage of standard deviation in the specific dose rote ond infinite 
field reduction factor is three and four percent, respectively. 

5. RESULTS AND ANALYSIS 


5.1 GENERAL 

For convenience in presentation and discussion, the results of this experiment 
have been separated into two main ports; (1) data taken below ground (bose- 
ment), and (2) date taken above ground. The below-ground data are analyzed 
in terms of reduction factors in the basement, and attenuation afforded by the 
horizontal barrier (ceiling). The above-ground data are evaluated in terms of 
floor-ottenuotlon foctors from both "in-ond-up" and "in-and-down" scattered 
radiation. 











5.2 BELOW-GROUND DATA 


5.2.1 Basement Wittiout Ceiling - Experimental data 'n tfie form of re¬ 
duction factors are presented in Table 5.1 as a function of a detector depth 
below ground and solid-ar\gle fraction for all the combinotions of woll and 
floor thicknesses investigated. These values are compared with theoretical 
values in Fig. 5.1 and Fig. 5.2. The theoretical values shown in these figures 
were colculated using the engineering method^ (Equation (3.3) of this report) 
and Co-60 functions from NBS-42 '. Fig. 5.1 shows the dose distribution in 
the center of the test structure basement for throe wall thicknesses without o 
concrete floor. The relative agreement, i.e., curve shape, as shown on this 
figure is quite good for the three v/oll thicknesses tested, while the calculated 
values are almost a factor of two higher in all cases. Part of this discrepancy 
in absolute values can be attributed to the attenuation provided by the grid of 
8-inch wide-flonge beams that are permanently fixed in the test structure and 
which is not accounted for in the calculotional procedure. This discrepancy 
in terms of moss thickness is approximately equal to the calculated ottenuotion 
afforded by a 5-psf floor. This is illustrated in Fig. 5.^ in which the experi¬ 
mental results are compared with calculated values, assuming Bo(Xo) = 0.54 
in Equation (3.3), where Xq is equol to 5 psf. (Note: If the steel were uni¬ 
formly smeared over the area, it would represent approximately 9.6 p$f equiv- 
olent thickness). It should be noted here that the calculated horizontal bar¬ 
rier factor Bb(Xo) is extremely sensitive to slight changes in borrier mass 
thickness because of the steep slope of the curve, porticularly near zero mass 
(for example, see Figure B~17 of Reference 1). 

5.2.2 Basemut^t With Celling - Experimental reduction factors in the 
bosement of the structure with 4- and 8-inch concrete ceilings are compared 
with theoretical values In Fig, 5.3. It is evident that the experimental curve 
does not follow the calculated curve, and the slopes of the experimental curves 
with and without concrete ceilings ore not the same. While the flattening of 
the dose curve in basements near the celling has been observed in most previ¬ 
ous experiments, it is more pronounced in this experiment because of theeffect 
of the steel beams. The effect of this additional mass on dosimeter locations 
directly below the beam (2- and 3-foot depths) is illustrated in Fig. 5.4. Here 
the measured volues in the center of the basement directly beneath the center 
beam (see Fig. 4.3) are compared with values measured at an offset distance of 
2 feet from the center. The 2- and 3-foot detector positions in the center are- 
4 inches and 1 foot, 4 inches, respectively, below the steel beam. The in¬ 
crease in dose rote os the detectors ore offset 2 feet frnm the beam is 63 and 

10 percent of the 2- and 3-foot depths, respectively, while the 4- and 5-foot 
depths show excellent agreement, as expected. It is evident from this plot that 
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EXPERIMENTAL REDUCTION FACTORS TEST STRUCTURE BASEMENT 
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the steel beams produce local perturbations in the experimental curve which 
cannot be accounted for with present colculotional methods. The calculated 
curve presented in Fig. 5.4 does not include any allowance for the attenuation 
introduced by these beams and/ hence. Is shown for comporlson only. 

The experimental results for the three building configurations with basement 
ceilings ere compared with theoretical values in Fig. 5.5. The dashed lines 
are calculated values with an odditional 5-psf steel attenuation factor as de¬ 
termined from the open-basement experiment. The solid lines ore calculated 
values for an added 9.6-psf steel attenuation foctor, which represents attenu¬ 
ation afforded by the beams if they were smeared and occupied the complete 
ceiling area. If the current methods of calculations were correct/ the com¬ 
bined attenuation afforded by the concrete slabs and steel beams should fall 
somewhere between the two curves. 

5.2.3 Comparison With Previous Work - The results of this experiment 
can be compered with a recent experiment! I conducted at the Nuclear De¬ 
fense Laboratory, Edgewood Arsenal, Maryland, and experiments reported in 
Reference 5. Experimental reduction factors os a function of solid-angle frac¬ 
tion are shown in Fig. 5.6 for basements with and without ceilings. Because 
the wall and ceiling thicknesses were different in the three experiments, odi- 
rect numerical comparison connot be made. However, the experimental curves 
shown on this figure are representative of dose distributions observed in base¬ 
ment areas by many investigators^*^ ^ K The agroement between NDL and 
this experiment os to the slope of the curve in an open basement (no ceiling 
cose) is good. Also, the slopes of the curves for the basement with ceilings 
agree, with the exception of the PSDC experiment, where the steel beomsof- 
fected the dose rates at the higher solid-angle fractions (“ = 0.81 and 0.87). 

It is evident from Fig. 5.6 that the ceiling attenuation depends on position, 
as well os barrier thickrsess, whereas the calculotiorts assume no dependence 
on position. This is illustrated in Fig. 5.7, in which experimentally-measured 
reduction factors from these experiments are compared with calculated values 
as a function of solid-angle fractions. Note thot the calculated values shown 
for the basement of Reference 5 do not include the attenuation afforded by the 
concrete beams that supported the ceiling. The data of Reference II presented 
in Fig. 5.7 was tdsen on a structure containing no roof. Thus, skyshine through 
the "roof" and ceiling shine is not accounted for properly in the standard com¬ 
putational method^. A minor modification suggested by LeDoux^^^ however, 
separates the skyshine-ceiling shine component so thot it may be properlyanal- 
yzed. This equation. 
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D/Do = i 

1 

Be(Xe,h) S^e| |Gs(u') - Gs(uo)j + (Xo,h) (1-S J 

1 


1g„(u 

u) - Gy (u J (X^) 1G^ (U^o) - G^, (U^) 1 

* ‘ '1 (5.1) 

where ' 

^u ('^u) 

= The directional response for non-wall-scattered 

radiation from above the detector plane, not In¬ 
cluding ceiling shine 


= Ceiling attenuation factor -— equal to unity 

when rto celling is present 


tfien allows computation of tfie doso to be expected in tbe building of Ref¬ 
erence 11. The significant feature of the curves shown in Fig. 5.7, as in the 
PSDC experiment shown on Fig. 5.5, is the difference in the slope of the experi¬ 
mental and calculated curves. 

The experimental curves are seen to be much flatter than the calculated curves; 
i.e., the decrease in observed dose is not as great as the decrease in calculated 
dose OS the detector is moved away from the ceiling (decreasing solid-angle frac¬ 
tion). Also, reasonable agreement is achieved at the higher solid-angle fractions 
(near ceiling). This was expected, because the ceiling barrier factor E^J(Xo), os 
calculated by Spencer, was for a detector directly on the ceiling. 

The horizontal barrier factor Bb(X'Q) was experimentally determined for two ceil¬ 
ing mass thicknesses in the PSDC test structure basement. The experimental tech¬ 
nique arfd arrangement are described in Section 4.3 of this report. Experimentally 
measured barrier factors are shown in Fig. 5.8 as a function of radius of contami¬ 
nation. Values calculated for the two moss thicknesses tested are also shown for 
comparison. It should be noted that while the experimental values shown are for 
limited strips of contamination ond summed to determine the infinite field value, 
only infinite-field calculated values are available. 

Agreement between calculated and experimental barrier factors for large or in¬ 
finite fields of contamination Is within 25 percent, with the calculated value 
underestimating the attenuation offorded by the ceiling. For close-in contami¬ 
nation, the calculated values represent an underestimation of the attenuation 
afforded by the ceiling by as much as 50 percent. Unlike the experiments con¬ 
ducted to determirte the depth-dose variation in the basement, the steel beams 
had little or no effect on the values meosured in this experiment, because only 
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rodiatlon incident and penetrating ttie ceiling slab within a few inches of the 
detector was considered. The nearest steel support beam to the detector was 
approximately two feet away. 

It is of interest to compare experimentally-measured and calculoted reduction 
factors for the two locations in this experiment. These values are shown inFig. 
5.9 as a function of radius of contamination. The experimental reduction factors 
were determirred by dividing the specific dose rate, measured at the detector 
position for a finite field of contamination, by the infinite field specific dose 
rate three feet above o uniformly-contaminated plone. The theoretical values 
shown on Fig. 5.9 were calculated using the engineering metlrod^ of limited 
strips of contominotlon. Briefly, this method consists of accounting for the fi¬ 
nite contaminated area by substituting a limited-strip barrier factor Bws(^,“s) 
into Equation (3.2) for the infinite field barrier factor Be(Xe,h). As con be 
seen from this figure, the relative agreement between calculated and experi¬ 
mental values Is quite good for both position A (above) and position B (below) 
the ceiling slab. The calculated values are conservative, or represent on over¬ 
estimation of the dose arriving at the two psositions. 

In summary, the relotive agreement between calculated and experimental re¬ 
duction factors in an open basement (no ceiling) is quite good, with the cal¬ 
culated volues overestimating thedose received in the basement. When o base¬ 
ment ceiling is added, the calculoted reduction foctor curves do not ogree 
well with experimental reduction factor curves, and can represent an under- 
estimotlon of the dose received in the basement by os much os a factor of 
three, or more. The discrepancy between theory end experiment increases 
with decreasing solid-angle fractions, with agreement near the ceiling (solid- 
angle fraction greater than 0.7) quite good. 

The discrepancy between theory and experiments in dose distribution ino base¬ 
ment may bo caused by any one, or a combination, of the variobles in Equotion 
(3.2). The only variable that is a direct function of the ceiling thickness is 
Bo(Xo). As the calculated reduction foctors near the ceiling ogree quite well 
with experimental values, and disturbing discrepancies are noted at the lower 
solid ongles, it appears that Bo(Xo) shouldalso include a geometric effect that 
is not occounted for in Equation (3.2). 

5.2.4 Modificotion to Existing Theory - A recent studyS on "in-and- 
down" scattered radiation attributes the discrepancy between theory and ex¬ 
periment to the calculated attenuation values used for the ceiling slob over 
the bosement. Batter^^ has estimoted the expected attenuation of o ceiling 
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slab by assuming Compton first-collision scattering in tfie exterior walls and 
attenuation coefficients computed for parallel slant-incidence photons. He 
calculated this attenuation in approximate form, based upon the 3-foot angu¬ 
lar distribution of impinging radiation. Thus, a new function Bo(X,u), where 
X is the mass thickness of the ceiling slob and u is the average solid-angle 
froction (see sketch in Fig, 5.10) from the vertical well to the detector, has 
been creoted. Curves of this parameter as a function of mass thickness and 
overoge solid-angle fraction ore reproduced in Fig. 5.10. This computation 
contoined several conservative assumptions, and the author has recommended 
that the attenuation values computed by this method be increased by about 
20 percent for ceiling tf.icknesses greater than about 20 psf. 

The results from this experiment con be expressed in the form of barrier ot- 
tenuotion as a function of solid-angle fraction by taking the rotio of the ex¬ 
perimental reduction factors with and without a basement ceiling. These 
values ore shown in Fig. 5.11 for 97.2 and 48.6 psf barriers os a function of 
the overage solid-angle fraction «. The relotive ogreement of the slopes be¬ 
tween the now function calculated by Batter and the experimental results os 
a function of solid-angle fraction is good, with the function Bp(Xf,u) under¬ 
estimating th.e attenuation afforded by the barriers by about 50 percent. The 
discrepancy in absolute values for the PSDC experiment can partly be attrib¬ 
uted to the uncertainty of the effective mass thicknesses of the ceil- iborrier 
used in the experiments (because of the steel beams thot supported the con¬ 
crete slobs). The effective moss thicknesses used in Batter's function wosfor 
tfie concrete slabs only. Therefore, while a true absolute comparison cannot 
be mode, allowance for the extro mass provided by the steel beams in the func¬ 
tion Bo(X,u) would produce closer agreement. The function Bq(Xo) appears 
as a straight line on this groph, because it is o function of the barrier moss 
thickness only, and is shown for comparison. It is evident from the compari¬ 
son on Fig. 5.11 that the modified function Bo(X,JT) is in better agreement 
with the experiment than the function Bo(Xo) presently used in calculated 
procedures. 

This is also illustrated in Fig. 5.12, Hcte theoretical reduction foctors were 
calculoted substituting tfie function Bb(X,ir) for Bo(Xb)> These factors are 
compared with the experimental data of References 5 and 11, The calcu¬ 
lated reduction foctors based on the new function ore again conservative 
and ogree fairly well with the experimental results in both basements. 
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5.3 ABOVE-GROUND DATA 


5.3.1 "In-And-Down" Rodiotion Component Above Ground - The af- 
tenuafion afforded by a ceiling from radiation ttiat was scattered in fhe wall 
or air above tfie detecfor was measured for two ceiling moss tbicknesses. As 
was previously stated in Section 4.3, Experimental Technique, this experiment 
required the use of o large collimator, composed of a concrete block and lead 
shot, to shield against the non-scatfered radiation now visible to the detector 
from the ground contamination. Preliminary experimentation on the structure 
with 4-inch floors indicated the need for such a mossive collimator. Because 
of the weight and sire of the collimator, only one above-ground floor was in¬ 
vestigated. The results of this experiment for the four areas of contamination 
ore presented in Table 5,2, together with the background dose rates with both 
detectors shielded. It should be noted here that the estimated experimental 
errors, as discussed in Section 4.5 and Appendix B, are based on mid-scale in¬ 
strument readings. Because of the limitation in instrumentation and sources, 

it was necessary to accept some low-scale readings in the shielded positions 
of this experiment which could produce somewhat higher experimental errors. 

The results from this experiment ore shown in Fig. 5.13 in the form of floor¬ 
shielding fac'ors Bo(Xo) os afunction of radius of contamination. The lovrer 
solid curve shows the experimental floor-shielding factor as a function of 
r( 'ius of contamination with the background rodiotion subtrocted from the 
shielded detector, while the upper solid curve includes background. The 
discrepancy between the two curves within a rodius of contamination of 100 
feet can be attributed to the inadequacy of the collimator to shieldagainst 
close-in sources. It is believed that the bottom curve is more representative 
of the floor-barrier reduction as a function of contaminated rodius. 

The theoretical function Bq(Xq} Isshown on Fig, 5,13 asa dashed cu've. Note 
that the theoretical function appears as a straight line on this graph because 
it was calculated for an infinite field of contamination, but since it is used 
also in the calculations for limited fields of contaminatiorv the comparison 
is of interest. The theoretical function can be seen to be conservative by os 
much as a factor of two for close-in contomination; i.e., the calculated func¬ 
tion underestimates the attenuation afforded by the floor borrier. 

5.3.2 "In-And-Up” Rodiotion Component - The "in-and-up" radiation 
floor-barrier factor was measured ^or two floor thicknesses. These values, in 
terms of specific dose rates above and below the floor barrier, ore presented 
in Table 5.3 os a function of the rodius of contamination from the center of 
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TABLE 5.2 


Experimentol Results of "In-And-Down" Radiation Component 

(Second Story of Multistory Test Structure witfi 97.2 psf Floors) 
D = (r/hr)/(curie/ft * ) 


Area 

Above Floor 

Below Floor 
(Shielded Below) 

Background 


Da 

Db 


1 

.181 

.001 

.00077 

II 

.94 

.0035 

.0012 

ill 

1.64 

.0072 

.00074 

IV 

1.45 

.0060 

L.j.i.,1 k i. 11 nmm 

.0015 


Radius of Contamination 
(ft) 


0 to 32 
0 to 64 
0 to 164 
0 to 452 




.0055 

.0040 

.0042 

.0042 


Og - Bockground 


.0011 

,0022 

.0033 

.0033 
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TABLE 5.3 


Experimantal Retult^ of an “In-And-Up" Rodlotlon Component 
( Finit-Story Celling of Multistory Structure) 

D= (r/^r)/(cun«/tt* ) 


-! 

48.6 psf Ceiling 

97.2 psf Celling 

Area 

Above Floor ^A 

Below Floor ^B 

Above Floor ^A 

Below Floor 

■ 

0,312 

3,62 

0.053 

3.37 

mm 

0.153 

3.76 

0.043 

3.72 


0.081 

2.95 

0.011 

3.14 

IV 

0.056 

1.46 

0.0079 

1.67 

Rodlus of Contomination 

(f») 

48.6 psf Ceiling 

97.2 psf Ceiling 

1 

0 to 32 

.087 


.016 

1 

0 to 64 

.063 


.013 

1 

0 to 164 

.053 


.010 

1 

0 to 452 

,052 


.0097 





















the building. The floor-mass thicknesses for this experiment were 48.6 and 
97.2 psf. The walls were kept constant at 49 psf. These data are shown in 
the form of floor factors Bf(Xf)gyp in Fig. 5.14 os a function of radius of 
con tomi notion. 

The theoretical function Bf(Xf) is shown in Fig. 5.14 os a solid curve. Again 
this function, like the "in-and-down" function Bo(XJj), is determined only 
for an infinite field of contamination and, hence, appears as o straight line 
on this graph. As was previously stoted, the floor mass is assumed to attenu- 
ote "in-and-up" radiation similar to the L(X) function calculated by Spencer. 
This assumption would appear to be conservative because L(X) was calculated 
for an infinite uniformly-contaminated plane, while it is used here in a situa¬ 
tion in which there is a cleared areo (building plon area) directly below the 
detector, the location of the most penetrating radiation. As expected, the re¬ 
sults shown in Fig. 5.14 plainly illustrate this conservatism. The calculated 
functions represent an underestimation of the attenuation afforded by the 48.6 
pcf barrier by 35 percent and the 47.2 psf barrier by 80 percent. For close-in 
limited fields of contamination (less than 100 feet), the calculated function is 
much less conservative and, in fact, in the case of the 48.6 psf barrier, was 
non-conservative. 


6, CONCLUSIONS AND RECOMMENDATIONS 

6.1 GENERAL 

The purpose of this study was to investigote experimentolly one of the known 
problem areas ("in-ond-down" radiation component) that exists in falloutshield¬ 
ing technology. Also, an attempt was mode to include all reported past experi¬ 
ments ond modifications to the existing technology. Because of the variations 
of geometry and structural compositions in all of the experimentol buildings re¬ 
ported to dote, it was not possible to moke a direct comparison with theory. 

6.2 CONCLUSIONS 

General conclusions of this study are listed below; 

1. The relative agreement between experimental and calculated 
reduction factor curves in the center of □ basement without a 
ceiling is good. 

2. For structures with basement ceilings, the calculated reduc¬ 
tion factor curves do not agree with experimental curves, and 
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can represent an undersstimation of tfie dose received in tfie ^ * 

boiemenf by as much os a foctor of tb,-**, The discrepancy 
between theory and experiment increases with decreasing 
solid-angle froction. 

3. The eolculated horiiontol barrier foctor Bo(Xo) Is within 35 
percent of tne experimental barrier factor for the two mass 
thicknesses investlgatec^ with the calculated volue represent¬ 
ing an underestimation of the attenuation afforded by the bar¬ 
riers. Note that this applies to slab attenuation only. 

4. The modification to the method used in OCD PM-100-1, pro¬ 
posed by Batter, in which the ceiling ottenuotion is o function 
of the mass thickness of the ceiling barrier and a geometry 
tenm based on energy loss and scattering from the exterior ver¬ 
tical wall, Bo(X,ff), while conservotive agrees with the experi¬ 
mental results os function of solid-angle fraction, 

5. The calculated barrier foctor Bo(Xo) represents an underestima¬ 
tion of attenuation afforded by floors in upper stories because 
of radiation scattered in the downward direction. 

6.3 RECOMMENDATIONS 

The following recommendations ore offered os a result of this study: 

1. A new function, similar perhops to the function Bo(XoCr), col- 
culoted by Batter^^for floor attenuation, should replace the 
function Bo(Xq) in the functionol equation for predicting re¬ 
duction factors in basements of structures. 

2. A further study of basement ceiling ottenuotion should be 
undertakerv utilizing an ideolized experimental configuro- 
tion that can be used to systematically investigote each 
parameter in the calculated method. 

3. An experimental and analyticol investigotion of the effectof 
non-uniform floors (e.g., caused by the steel floor support 
beams) on the dose rates in basement oreas should be under¬ 
taken. The results of this study indicotes thot the beams that 
supported the ceiling slabs in the basement were responsible 
for consideioble reduction in basement area dose rotes. 
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APPENDIX A 


EXPERIMENTAL DATA 


The exfjerimental data reported in this study were obtained using Victoreen 
Model 362, 200 mr; Model 229, 10 mr; or Model 208, 1 mr, non-direct-reod- 
ing ionization chambers (dosimeters), together with o Technical Operation 
Model 556 Chaiger-Reader. Dosimeter selection was based upon the expected 
exposure time, rhe area of the field being simulated, the thickness of the floors, 
ond tfie location of tfie dosimeter with respect to the contaminated area. 

All dosimeters and the charger-reader were calibrated against a gamma source 
of known strength ond National Bureau of Standords calibrated Victoreen R 
meters. Dosimeters selected for this experiment responded to within t 2 per¬ 
cent of the known dose. The chambers were also checked at intervafs during 
the experiment, using a secondory calibration procedure. 

All dosimeter readings were normalized to specific dose rote; thot is, to o per- 
hour bosis for cn equivalent contamination density of one curie of Ccbalt-60 
per square foot (J curie Cobalt-60 - 14.0 r/"hr at 1 ft at STP). This is the 
source density required to produce a radiation field of 464 r/hr tfiree feet a- 
bove an infinite s-mooth uniform!y-contominoted plane. Dosimeter readings 
were converted to a rA\r basis, using dosimeter calibration constants, expos¬ 
ure time, source strength, and temperature-pressure corrections for the effect 
of atmosf>Eieric conditions. The equation used to normalize these readings In 
roentgens to specific dose rates in (r/hr)/(curie,/ft^ ) is 



(A-)) 


where 


D - measured dose normalized to standard atmospheric 
conditions (Roentgens) 

A = area of the contaminated field (ft^ ) 

$0 source strength (curies) 

t = exposure time (hrs) 

1 = specific dose rate in (r/'hr)/(curie/ft^ ) 
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The experimental data are tobulated in this A>ppeno'ix in ter!T\s of nornialiied 
specific dose rate ond reduction factois. Table A-1 shows the date obtained 
for the structure with zero psf floors. Table A-2 presents the data for the 
struc'^ure with 48,6 ond 97,2 psf floors. All data ore presented as o function 
of the depth below ground and die solid-angle frachon subtended at tt.-'' rie- 
tector by the basement ceiiiiig. 







TABLE A- l 

Buiemont Radiation Measurernefit Dose Rares ond Reduction Factors 


DeptB 

(ftl 


Wall Thickness 49 psf 
Floor Thickness 0 pst 



Wall Thickness 98 psf 
Floor Thickness 0 psf 



.66 

1.22 

.27 

1.02 

.12 

.90 

.01 

.824 


Total 
oic D] 

r 

! Reduction 
Factor 

/r>. 

^ 1/^0 

17.31 

13.55 

11.72 

10.53 

.037 

.029 

.025 

.023 



Wall Thickness M7 osf 
Floor Thickness 0 psf 




































TABLE A-2 

Basement Radiation Measurement Dose Rotes and Reduction Foctors 


Wall Thickness 49 psf 
Floor Thickness 48.6 psf 










Reduction 

Depth 

Solid-Angle 

Area 1 

Area 2 

Area 3 

Area 4 

Fat-Field 

Total 

Factor 

(ft) 

Fraction Uy 

0 - 32' 

32'-64' 

64'-164' 

164'-452' 

Dose 

Dose D-[ 

t>l/Do 



,0744 

191 

.151 

.139 

.0788 

.5832 




.11 


.212 

.184 

.105 

.80 


-4.0 

0.75 

,115 


.216 

.213 

.121 

.854 

.0018 

-5.0 

0,70 

.128 

.184 

.212 

.184 

.105 

.813 

.0018 



W 

~ll ThirRr>»<5 49 p;f 







Floor Thickness 97.2 psf 




-2,0 

0,87 

.0114 

.0232 

.0209 

.0144 

.0092 

.0781 

.00016 

-3.0 

0.81 

.017 

.026 

.0277 

.021 

.0119 

,1036 

.00022 i 

-4,0 

0.75 

.0195 

.0272 

.0308 

.034 

.0193 

.1308 

.00028 ■ 

-5.0 

0,70 

.0228 

.0277 

.0305 

.0228 

.0130 

.1168 

.00025 ! 



Wall Thickness 98 psf 
Floor Thickness 97,2 ps 

F 




-2,0 

0.87 

.00576 

.0064 

.008 

.0078 

.00444 

.0324 

.000069 

-3.0 

0.81 

.0096 

.00892 

.0112 


.004444 

.04196 

.00009 

-4.0 

0.75 

.0116 

,00952 

.0121 

.0112 

.00632 

.05074 

.0001 

Hi 

0.70 

.017 

.00972 

.0121 

.017 

.00964 

.06546 

.00014 


Dose Rates in (R/hr) / (Curie/ft^) 
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APPENDIX B 


ERROR ANALYSIS 


Ttie test of reproducibility of experimental data is not necessarily indicative 
of true experimental error because, in tfiis procedure, only random etrorsare 
considered. Botli random and systematic errors must be considered to deter¬ 
mine tfie true accuracy of tliis experiment. 

Ideally, o precise onalysis of tfie error associated with this expjeriment would 
proceed by randomizing all systematic errors, determining the standard devia¬ 
tion of eacli error, and compounding these standard deviations according to 
accepted statistical rules to determine the standard deviations of the final ex¬ 
perimental result. Unfortunately, rondomization of all the systematic errors is 
not practical, nor Is determination of the standard deviation for each variable 
warranted. The approach used has been to determine experimentally or to es¬ 
timate, on tire basis of knowledge and experience witfi the methods used, the 
standard deviation for each variable corstributing to the final result, and tlien 
to compound tirese standard deviations occording to the accepted principles. 

Some of the systemotic errors present in these experiments cancel. Hie ones 
that cancel will be determined by the kind of experiment considered (i.e., 
finite or infinite sources of contamination), and the woy in which tfie data 
are presented (e.g., os reduction factor, specific dose rote, or direct otten- 
uotion factor). 

In general, the results of the experiments described in tliis report are pre¬ 
sented in specific dose rotes, and the ratio ot specific dose rates and atten¬ 
uation factors. Ttie spieclfic dose rote is related to the voriablcs in the ex¬ 
periment by the data normalization equation os 

D = niAT (B-1) 

10^ PCSt 


where D 
m 

A 

T 

P 


specific dose rote in r/hr/curie/ft^ 
charger-reader rnicroomp reading 
simulated source or''a 
temperature in degrees Ronklne 
pressure in inches of Hg 


49 . 










C - charger-reader colibraMon consfant 

t - source exposure time in hours 
S = source strength in curies 


Tire standard devin^ion of each ot tfie voriables is related t i h-e standard de' 
viatlon of h e specific dose rate by total differential of tfu’ • orrra'lzing e^jua- 
tion 


£2. ^ AT 4 ^ 

am d T d A 


or, in percentages, the standard deviation is given by 

(T)' -[(^)' •(^y •.(-^y 

Thus, the percentage errors may be simply squared and added. 


(B-.?) 


(B-3) 


le'itt.Hl Crrots- The esitniuiuo oi ntuosureJ sfanJerd dc.'ic- 


tions of each of ¥iese voriables for oil types of experiments are 
considered to be os follows: 


The Simulated Source Area A. Since the tubing was laid out 
quite carefully for tinese relatively large areos, tfris error is 
negligible (aA/A < 0.1%). 

Source Strength So- The error in the reduction factor values 
caused uy on error tn bOuice slienglh cuncels only if the same 
sources ore used In the same areas for both the determination 
of tho infinite-field normolizalion value and oil other infinite- 
field experiments. This does not general I y occur. Althoughoil 
source strengths were determined using NBS calibioied Victur- 
een chambers and chorger-reader, there are inherent errors in 
source-to-detectoi distances and oir-density determinotions. 

A standard deviation oi 2 percent for source strength can be 
estimated other than any systematic error tfiat will cancel in 
the normalization to reduction factor. 
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Micjoamp Reading pa. The following ore incorporotcd into 
the micioon-ip standard devlotion. The dosimeter group vari¬ 
ation value has been deteimined experinieirtal 1 y. 


(1) 

Scale reading error 


0.5 

(2) 

Normal 96Rv doseinelei group 

varioti on 

0.5 


so that 

a m = 


Temperature, T, in Degrees Rankitie 



(1) 

Scale reading error 


0.5'^ 

(2) 

Time variation 


2.50 


so tliot 

a T ^ 


Piessure, 

P, in Inches of Hg 



(1) 

Scale reading 


0.01 in. 

(2) 

Time voriotlon 


0.01 in. 


so tfiat 

a P = 

0.02 in. 


Chgrgei-Reoder Colibrotion Constont C 


The error in reduction factor resulting frorn error iii the calibra¬ 
tion constanr doc; not cancel unless th.e some charger-reoder is 
used to derormine trie infinite-field ''omiolizatior. value, as well 
as all otfier experimental values. Tire standard deviation has been 
estimated experimentally to be less tlion two percent for any coni- 
binotion of chorger-rcoders. 

Tima of Source Runs in Hours ft) 

Since the timing is done visuolly, with a stop watch, the error 
is principally hot of reaction, since 

0 t = ] sec 


0 


t ■= 0.0003 hi 









B. Errors Associated wlrti Infirvite-Fleld Normalization Value 

Most experimental results are given as reduction factors wtiicii 
require tfiat tfie specific dose rate resulting from ois experir.-iont 
be divided by tfie normalization value Dq, wtiich is tlie sfsecific 
dose rate three feet above an infinite smooth plane of cunlaitii- 
notion. Dq wos experimentally detennined tc be 464 r/lir/ 
curie/ft for an infinite unifonnly-containinated plone of Co- 
60. This experimerrtal value is essentially the result of five 
experiments, one for each simulated area, so tt'ot o representa¬ 
tive case for eoch experiment will be considered separotcly. 

In addition to compounding the standard deviations resultirig 
from the five experimental arcas^^, error contributions from 
tfie ground roughness and far-field correction factors will also 
be included in tfre final estimate of the stonduid dcv!.jtiu!i * 'r 
the Infinite-field normclizaiion value. 

Area QA - Building Plon Areo ti ig. 4.2) 


A 

- 

24/.O tf^ 


= 

0.1% 

S 

= 

5.25 curies 

\ /S 


2°-L- 

t 

= 

0.15 hr 

<^^/t 


0.2% 

C 

= 

8.48 


= 

Tk 

m 

= 

63.0 

a /m 
m 

= 

1.6% 

T 


52COR 


= 

0.6% 

p 

- 

•^n no H 
. a 

0 /p 
p' 

- 

0.1 % 


From Equation (B-3) 

‘^oo'^^oo = [4 + 0.04 + 4 t 2.56 -* 0.36 + 0.01 

- - 3.31% 

D = 39.86 r/hr/curie/ft^ 

00 

‘’00 = 1.32 r/hf/cuii»/ft^ 


52. 





















S! nee 


D 2 ^ = 16.4 r/hr/curie/ft‘ 

~ 0.56 r/Kr/curie/f 


Area 3A - 

64-Foot Radi 

us to 164-Foot Radius 

(Fig. 4.2) 

A - 

17492 ft’ 


0.1% 

S - 

52,8 curies 

c /S 

2% 

t = 

2.01 hr 


0.1% 

r~ 

V- 

8.48 

-c/c 

2% 

m " 

50.0 

0 /m = 
rn 

2% 

T - 

5I50R 

“t/t - 

0.63''b 

P -= 

30.29 in. Hq 

■'p/p = 

0.1 % 

From Equation (B-3) 





4 + 0.36 + 0 . 01 ]'''^^ 

= [l2,37j’'^^= 3.52% 

Since 

O3A = 

16.38 r/Fir/curie/ft’ 



''OA 

0.58 r/hr/curie/ft’ 



Area 4A - 164-Foot Radius to 452-Foot Radius (Fi;,. 4.2) 


A 

= 139357 ft’ 

^a/a 

^ 0.1% 

5 

= 538.0 curies 

■’s/s 

- 2% 

t 

= 1,785 hr 

«’t/‘ 

- 0.1% 

C 

- 8.48 

<r^/C 

2% 

m 

- 46.0 

e /m 
m 

- 2.0% 

T 

- 515.0'’R 

-y/T 

= 0.6% 

P 

- 30,30 in. Hg 

■’p/p 

A- 0.1% 




















From Equation (B-3) 


4A 

Since 


/D 4 A -[^4 + 4 + 4.5+0.36^ 0 . 01 ]'/^ =j^l2.87j'/^ = 3.59% 


0^4^ - 13.37 rAr/curie/ft^ 


"4* ~ 0.46 rAr/curie/ft 


Far-Field Correction 


The for-field correction factor, determined analytically, is used 
to estimate the effects of a field of contamination extendingfrom 
the outermost radius (452 feet) of thot simulated to infinity. To 
estimate the effect of this "missing" contamination, it is ossumed 
that the dose buildup factor, point source to point detector, near 
o ground-air interface, may be adequately represented by o poly¬ 
nomial expansion of the 'orm B(px) - 1 + 0.55px. To evaluate 
this assumption, we moy estimate the amount .T "far-field radia¬ 
tion" using various methods of opproximation, The fraction of the 
total dose rate above on infinite field represented by contomina¬ 
tion beyond o 452-foot radius: (1) rnay be determined from the 
experimental data of Rexroad^^ (2) may be computed using the 
results of the moments calculation of Spencer^, (the dose rote 
above the center of a cleared circle is exprc,;sed by Spenceras 
L(x), where x is the slant distance from the edge of the circle to 
the detector), or (3) may be computed by summing point source 
to the point detector volues using B (u x) = 1 + 0.55px as the 
dose buildup factor. The third method is used in this report. 

The results of this manipulation for two al titudes typical of the 
minimum and maximum investigated in this study ore illustrated 
in Table B-1. The estimate of far-field contribution used in this 
report agrees somewhat better with thie experiments of Rexrood^ 
than with the calculation of Spencer, The reason for this may 
be attributed to the fact that Spencer's moment calculations 
were performed in an infinite medium neglecting the effect of 
the density interface. This lock of density interface effect is 
expected to over-emphasize the scattered dose contribution 
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from the far-field region. The maximum difference in these cor¬ 
rection factors is seven percent. This value is used as an esti¬ 
mate of the maximum error in the far-field correction factor. 

The percentage of standard deviation of the far-field contribu¬ 
tion is 


1/2 l/'2 



(B-4) 


TABLE B-1 

Fraction Of Infinite Field Dose Rote Attributable To 
Contomination Beyond 452-Foot Radius And The Ratio 
Of That Dose Rate To That Attributable fo The Region 
Extending From 164 to 452-Foot/Radi us 


Height 

Fraction 

Cbte of Reference 

Ratio 

3 

.08 

Rexroad^ 

0.56 

3 

.11 

Spencer^ 

0.65 

33 

.19 

Spencer^ 

0.65 

3 

.082 

This report 

0.57 

33 

.157 

This report 

0.58 


Total Standard Deviation for Dq 

The results for each of the five areas and the tar-field value 
most be summed and multiplied by four (because of quarter sym¬ 
metry) to find the total specific dose rote at three feet. This 
result must be multiplied by a ground roughness correction foc- 
tor of 1.08 to arrive ot the infinite field Dq value. The ground 
roughness factor, determined by fitting an experimentol curve 
to 0 theoretical one^, is assumed to be accurate to about three 
percent. If D is the total specific dose rate at three feet, and 
G is the ground roughness correction, then 
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I 

I 


- DG 


where 

<3 


0 = (W +‘^2A^ +3a’ +4A^ 

^D~ 7,1 r/Vir/curle/ft^ 


or 


‘'D _ 7,1 

IT ■ 


= 1 . 66 % 


and 


TT 


= 3% 


so that tfie fofol standard deviation expressed as a percent is 


1,66^ = 3,4% 


Experiments Using tfie Infir^ite Field 

It con be assumed that the standard deviotions of specific dose 
rates determined from tfie simuloted infinite-field source are 
tbe same as that of the infinite-field normalization volue. 
When these specific dose rotes are reduced to reduction fac¬ 
tors, the systematic error of the ground roughness correction 
factor in the ratio cancels. If D is any specific dose rote from 
the infinite field, end R is the reduction factor, D/Oq, the 
percentage of standard deviation is 


R 


1/2 


(B-7) 










and 


‘’R 

T 




1/2 


2.5% 


For reduction factors determined v/ithin the test sttTjcture, the 
effect of the nominal wall thickness values must be considered. 
For this analysis, the mass thickness effect upon the reduction 
factor may be represented adequately as an exponential, so 
tliat 


R = 

.X 


-x/x 


(B-8) 


where x is the wall thickness in psf and Xq is the psf correspond- 


ing to one 

mean 

free path. 


From Equa 

tion (0 -2) 





aR 

aR 


AR 

X 


AO 

a- * 


aR 

a X 

I O'" 

AR 

X 

= g-xAo 

AR - L 

1 

AR 

X 


AR 

Ax 

SO 

R 

X 


R 

X 
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It has been determined'^ that the standard deviation of the wall 
panels used with the test structure is about 9.5 pounds. The stand¬ 
ard deviation for reduction factor con be determined from the 
obove equation. 


R 


[^(2.5)' + (1.3/| 


1/2 ^ 2 . 9 % 
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D. 


Experimenh With Finite Fields 


The experiments reported here ore concerned with mea'uremenr 
of radiation from finite sources of contamination, Tliese mea¬ 
surements can be treated in a manner similar to tfiat applied to 
o single area in the open-field analysis. 

Assuming that the percentoge of standard deviation In the spe¬ 
cific dose rote fot a finite field Is represented bythe Ateo fTO 
Fig. 4.2), value of 3.31 percent, the analysis proceeds os fol¬ 
lows: 

Reduction factor 




R 

ir~ 


(3.4)^ + (3.3)^ 

4.7% 


This percentage of stondord deviation for reduction factors due 
to finite fields is representative of the experiments considered 
in this report. An additional error is ossociotec! with the ran¬ 
dom variations of the weight of the conciete slobs used. Fif¬ 
teen of these concrete roof panels were selected at random, 
measured, and weighed to establish their mass thickness. The 
dimensions of these pwnels varied by about +I/l6-inch from 
the basic dimensions, introducing an uncertainty of approxi- 
motely 0.25 percent. These panels were weighed using o Bald¬ 
win lood cell calibrated to one port in o thousand against o 
known mass of water. Each slab was weighed In turn, produc¬ 
ing weights varying from 735 pijunds to 761 fxsunds. The 











average slab weight was determined as 744 pounds, with a stand¬ 
ard deviation of 9. 5 pounds, or 1.3 percent. Expressed as a moss 
ttiickness, this is 48,6 psf with x - 0.6 psf. The effect of this 
variation is closely represented, as in the infinite-field experi¬ 
ments, by = Rg”*', where X is :iic nh ...i. 


/a R \ ^ 

1 — 1 


1 

jc h. j X 

,y 

2 

1 




H 


a R 



(1.3)' 

= 5.7% 


Reduction factors from these experiments crn, therefore, be ex¬ 
pected to have a percentage of standard d<- -iation of 5. 7 percent. 


Additional Error Due to Souruv Asymmetry 


A possible odditiorral error, which hos been ignored in the pre- 
ceeding onalysis, is that of the source asymmetry. Because of the 
cylinder construction of the source capsule, source intensity is 
less in directions parallel to the axis of the cylinder. The sources 
used have been calibrated with directions perpendicular to the 
axis of the cylinder. This additional error in the specific dose 
rote Dg has been igrwred, since a detector in the standord posi¬ 
tions views the end of the source only o small percentage of the 
tirrse. 


Conclusions 


The anolsyis shows that when the systematic error of the ground 
roughness correction does not cancel in an experirnent, it is the 
most dominant error. This is the case for the infinite-field Dq 
value and the finite-field reduction foctori When the ground 
roughness effects are negated by the normalization, it has been 
shown that the dominant errors are those due to source strength, 
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charger-reader calibration constants and the charger-reader 
microamp reading (which Incorporates errors due to the 96 per¬ 
cent dosimeter group variation, as well as the scale-reading 
error). 

'table B-2 summarizes the results of this anal/sis in terms of 
estimated standard deviation ond the probable error (p = 0.67 c) 


TABLE 6-2 

Major Experimental Errors 


Estimated Percent 

Type of Experiment Standard Deviation Probable Error 


Infinite-Field Dq 

3.4% 

2.3% 

Infinite-Field D 

3.4% 

2.3% 

Infinite-Field Re¬ 
duction Factor 

2.9% 

1.9% 

Finite-Field D 

3.5% 

2.4% 

Finite-Field Re¬ 
duction Factor 

5.7% 

3.8% 
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